Object: Functional MRI is frequently applied to lateralize language in pre-surgical planning, with potential to localize functionally important cortex too. Here we present BOLD signal activation maps and related functional connectivity, in response to three commonly administered fMRI language tasks. Methods: Datasets from 55 pre-surgical fMRI studies were analyzed. Verbal response naming, covert word generation and passive listening tasks were administered in all studies. Single-subject analyses, group analyses and region-of-interest analyses were conducted, and a multi-subject functional connectivity analysis was performed. Results: Single-subject analyses revealed that clinically important language regions were activated in all but three patients using the panel of tasks. Group analyses revealed significant bilateral BOLD signal increases in anterior and posterior language regions in response to verbal response naming and bilateral signal increase in posterior language regions only in response to passive listening. Covert word generation activated anterior language regions bilaterally and posterior language cortex in the dominant hemisphere. Functional connectivity analyses confirmed that activated regions were significantly correlated in all tasks. Conclusion: The findings of single-subject and group analyses add to the evidence supporting the use of a panel of fMRI tasks to map the language network for pre-surgical planning. Our findings support the additional use of functional connectivity analysis in routine language mapping to add to the localization value to fMRI. In addition, the results of our investigation demonstrate these three commonly applied tasks reliably activate unique aspects of the language network, which advocates closer individual inspection, guided by the surgical intervention planned.
Introduction
Neurosurgical intervention carriers the risk of adverse effects on cognitive and motor functioning. Localizing eloquent cortex ensures that functionally important brain regions are protected during surgery, while maximizing the area of resection for optimal outcome. Language is one of the most common functions to be mapped in neurosurgical planning.
fMRI is considered a reliable tool to identify the language-dominant hemisphere, with potential localization value too [1] . Lateralization of language by fMRI and Wada has been shown to be concordant in up to 86% of individuals [2] [3] . Although direct cortical stimulation mapping (DCS) remains the gold standard of localizing language cortex, novel approaches to improving the localization value of fMRI are encouraged to either expedite DCS or standalone when DCS is unfeasible or unsuccessful [4] .
It is recommended that a panel of tasks be administered in fMRI language [5] .
The aim of this study was to more closely inspect the variable activation patterns generated by three commonly administered tasks and the functional connectivity between activated regions for the benefit of clinicians tasked with pre-surgical language mapping and of interest to neurosurgeons planning resections in the dominant hemisphere. The findings are aimed to inform the development of methods to localize specific language regions for surgical planning.
Materials and Methods
Functional MRI datasets for patients undergoing surgical resections from 2011 to 2016 were retrieved from a single neurosurgical unit. A possible 256 data sets were identified of which 55 fMRI studies included the administration of all three language tasks used for surgical planning in the unit, including verbal response naming, covert word generation and passive listening. Neither ethics approval nor patient informed consent was required for this retrospective study, as outlined by the National Code for Clinical Trials, as all data analyzed were collected as part of routine diagnosis and treatment.
fMRI Data Acquisition
Scans were acquired using a 1.5 T Avanto MRI scanner (Siemens Medical Systems, Erlangen, Germany). High-resolution anatomical images were acquired in the sagittal plane using a three-dimensional inversion recovery gradient echo sequence (160 slices, 1.2-mm thick. Skip = 0; TR = 2400 ms; TE = 3.61 ms; flip 
Scanning Protocol
The scan commenced with a 6-minute T1 sequence to generate structural data, followed by the three functional paradigms. Each task consisted of 10 alternating blocks of 20 s commencing with 20 s rest (total = 3:66 min). In all language tasks, stimuli in the control condition consisted of high and low tones to engage auditory processing and attention. Participants were instructed to listen to the tones attentively. In the active condition of the tasks stimuli were projected on a screen at the base of the bed and viewed through an overhead mirror in the head coil. Foam padding was used around the head to reduce motion.
In the active conditions of the tasks patients were asked to a) silently name objects being described by short sentence presented aurally and visually in verbal response naming, b) silently generate verbs associated with nouns presented aurally and visually in word generation, and c) listen to a story presented aurally in passive listening.
fMRI Data Analyses
All fMRI analyses were performed using Brain Voyager QX (Brain Innovation, 
Functional Connectivity Analyses
A region-of-interest analysis was performed on the group activation maps generated by each task. The average beta-values in the time-series of all patients in all activated regions during task performance were extracted and entered into a spreadsheet. Beta-values were averaged and correlation analyses were performed on the averaged values in each language region. In addition to this, a subgroup analysis was conducted to investigate potential differences in functional connectivity between patients with left TLE, compared to right TLE.
Language Lateralization
Lateralization indices (LI) were calculated in single-subject and group activation map results for each task. All the active voxels in the left hemisphere were subtracted from active voxels in the right hemisphere, divided by the active voxels in the left hemisphere added to the active voxels in the right hemisphere, with cut-off values of 0.2/−0.2 used to confirm dominance [6] . Lateralization indices were also calculated from the BOLD activations maps generated in multi-subject analyses of each task and referred to here as group LIs.
Results
The initial patient cohort consisted of 55 pre-surgical patients, 24 males and 31 females, ranging from 20 to 54 years (mean age ± standard deviation [SD], 35.6 ± 13 years). Right-hand dominance was confirmed in 52 patients, two were left-hand dominant and one was mixed-handed. Seizure disorders were present in all but three patients, the latter of whom were awaiting left-hemisphere tumor resections. Of the patients with seizures disorders, 34 were diagnosed with TLE, 22 of whom had dominant hemisphere TLE and 12 in which hippocampal sclerosis was identified on MRI. Nine patients were diagnosed with frontal lobe epilepsy, in which electrographic disturbances in the dominant hemisphere were present in six, five were diagnosed with occipital lobe epilepsy, four of which showed dominant hemisphere abnormalities on EEG, and finally four with epileptogenic discharges over cortical dysplasias in the dominant hemisphere. Tumors in three of the patients were close to, but not directly infringing upon language cortex and there were no other patients with mass lesions. All patients with epilepsy were deemed suitable for surgery following long-term video-EEG monitoring, and had fMRI as part of the pre-surgical work-up. All patients were cooperative and able to perform the fMRI tasks.
Single-subject analyses were conducted in all patients for the purposes of pre-surgical planning. Significant BOLD signal increases were generated in predefined important language regions, including Broca's area, Exner's area, supplementary speech area/SMA, Wernicke's area, angular gyrus and basal temporal language cortex, in all but three patients. In addition, one patient was 
Covert Word Generation
Activation maps generated for the group analysis of the covert word generation task overlapped that of verbal response naming, but only in the dominant hemisphere for receptive language function ( Figure 1 ). Significant BOLD signal increases were evident in anterior language cortex bilaterally, left; t(47) = 9.29, p = 0.001 and right; t(47) = 6.16, p = 0.001, and in the posterior language region in the left hemisphere t(47) = 5.48, p = 0.001. Significant signal increase was also noted in SMA t(47) = 5.84, p = 0.001, and decreases in the precuneus t(47) = −9.46, p = 0.001 (Table 1 ). The LIs were greater than 0.2 in all but one patient and the group LI was 0.59.
Passive Listening
The group analysis of passive listening showed significant BOLD signal increases in the posterior language areas bilaterally t(47) = 7.18, p = 0.001 and t(47) = 6.56, p = 0.001, and significant signal decreases in precuneus t(47) = −5.23, p = 0.001 and t(47) = −5.21, p = 0.001. No signal changes were generated in anterior language regions in the frontal lobe ( Figure 1 and Table 1 
Functional Connectivity Analysis
Region of interest (ROI) analyses were conducted to further interrogate the group activation maps associated with each of the three language tasks. According to the subgroup analyses, there was no significant difference in connectivity within the language network between patients with dominant TLE and non-dominant TLE, although there was a trend towards weaker correlations between activated regions patients with left TLE.
Discussion
The purpose of this study was to investigate variable activations in the language network, generated by three commonly administered fMRI language tasks and between the language regions showing significant BOLD signal increases in all three tasks are functionally connected, which supports the notion that the regions subserve language and 5) there were no significant differences in connectivity between language regions in patients with dominant TLE and non-dominant TLE.
Language Lateralization
Determining hemispheric laterality may be achieved by either calculating a LI or visual inspection of fMRI activation maps by experienced clinicians [4] . Language lateralization was deemed satisfactory by visual inspection in all 51 single-subject analyses in this study, across all tasks. Hemispheric dominance was confirmed by calculating LIs in 80% of the single-subject activation maps generated by the verbal response naming and passive listening tasks, and in 100% of related activation maps generated by covert word generation. Verbal response naming and passive listening generate bilateral signal increases, however, activations in the left hemisphere are more intense and wider spread than in the right hemisphere. Right hemisphere signal activations in anterior and posterior language cortex were more striking in the group analyses than in single-subject analyses, and consistent with findings from resting state connectivity analyses [9] .
Language Localization

Anterior Language Regions
Broca's area, and occasionally Exner's areas, are primary targets when localizing expressive language regions in the frontal lobe during DCS. Localizing these areas on anatomical morphometry alone is unreliable, particularly in patients with space-occupying lesions [10] . In the findings of the group analyses in this study, 
Posterior Language Regions
The localization of critical receptive language regions in the temporal lobe is Anomia was elicited in one of these patients when Wernicke's area was stimulated.
BOLD signal decreases were evident in the precuneus in response to all three language tasks in this study, consistent with previous findings of reduced activity in the region during the performance of a variety of higher-order cognitive functions [15] .
Functional Connectivity of Language Regions
Studies have shown reduced functional connectivity between language regions in patient with TLE compared to healthy subjects [16] [17] . This is likely due to intra-hemispheric and interhemispheric language reorganization in localized epilepsy [18] . Recent studies have also demonstrated reduced connectivity in the language network between patients with dominant and non-dominant TLE [9] .
No significant differences in connectivity between the groups was evident in this study, perhaps due to our larger cohort.
Conclusions
The findings of this investigation are informative in so far as they may guide fMRI task selection and analysis in pre-surgical fMRI language mapping, guided by the proposed area for resection. Since verbal response naming generates widespread, bilateral BOLD signal increases in the language network, this task would be the most useful when there is a requirement to map the entire language network, for example in speech and language research. Should language lateralization be the primary requirement, then the task of choice would be covert word generation, which produces the most discrete activations in anterior and posterior language regions in the dominant hemisphere, with the most impressive lateralization value of the three tasks. It would be particularly useful to include a passive listening task when attempting to localize posterior language regions in the case of temporal lobe resections. The addition of functional connectivity analyses in fMRI studies helps to further corroborate the assumptions made about localization of eloquent cortex from task-based fMRI findings.
This study was limited by the relatively heterogeneous population and investigating BOLD signal activations in response to these tasks in a healthy cohort would be of interest. Significantly weaker connectivity between language regions were notable in the three tumor patients compared to the group as a whole and it would be recommended to explore such connectivity in a larger sample of tumor patients. To confirm the clinical usefulness of the tasks studied in this research, BOLD signal activation patterns need to be measured against DCS results and post-operative language outcomes. The addition adding DTI to imaging
